Procedures for the histochemical demonstration of DPN and TPN diaphorases have been presented by other workers. These techniques rely on the coenzymedependent dehydrogenases present in the tissue slice to generate the substrate required by the diaphorases. In vitro studies were carried out on kidney and adrenal tissue of the rat, using NT (neotetrazolium) and INT (2-p-iodophenyl-3-p-nitrophenyl-5-phenyl tetrazolium chloride) with various substrates of DPN-dependent dehydrogenases. The solutions used for study contained alcohol and alcohol dehydrogenase, glutamate and malate, malate, glutamate, /~-hydroxybutyrate, or DPNH. It has been possible to demonstrate (1) that histological distribution of dehydrogenases may differ from that of the flavoprotein oxidizing reduced coenzyme I; (2) characteristic patterns of distribution of particular dehydrogenases in the tissue proper; (3) different levels of dehydrogenase in kidney and adrenal; and (4) differences in dehydrogenase distribution in the kidneys of man and rat.
tissue of the rat, using NT (neotetrazolium) and INT (2-p-iodophenyl-3-p-nitrophenyl-5-phenyl tetrazolium chloride) with various substrates of DPN-dependent dehydrogenases. The solutions used for study contained alcohol and alcohol dehydrogenase, glutamate and malate, malate, glutamate, /~-hydroxybutyrate, or DPNH. It has been possible to demonstrate (1) that histological distribution of dehydrogenases may differ from that of the flavoprotein oxidizing reduced coenzyme I; (2) characteristic patterns of distribution of particular dehydrogenases in the tissue proper; (3) different levels of dehydrogenase in kidney and adrenal; and (4) differences in dehydrogenase distribution in the kidneys of man and rat.
The evidence presented clearly indicates the limitations inherent in the accepted procedures for the demonstration of DPN and TPN diaphorases. The possible application of the tetrazolium salts to the study of particular coenzyme-dependent dehydrogenases and the pitfalls which might occur are also discussed.
Some uncertainty exists as to the validity of the methods which have been proposed and are in current use (1, 2) for the histochemical demonstration of diphosphopyridine nucleotide and triphosphopyridine nucleotide diaphorases. Farber, Sternberg, and Dunlap in 1956 (1) found that, irrespective of the substrates used, formazan was deposited in fresh frozen sections of rat kidney in two patterns--one for coenzyme I (DPN)-dependent dehydrogenases, and one for coenzyme II (TPN)-dependent dehydrogenases. These investigators concluded that the reduction of tetrazolium indicated only the last step (the transfer of hydrogen from the flavo-* Aided by grants from the United States Public Health Service (H 2267) and the Atomic Energy Commission.
:~ Postdoctorate Fellow, United States Public Health Service.
§ Established Investigator, American Heart Association.
J. BIOP~YSlC. AND BIOCtlEM. CYTOL., 1959, Vol. 5, No. 2 protein to the tetrazolium salt) in the reaction series. This has not been substantiated by more recent work.
A previous histochemical study from this laboratory showed that several patterns of formazan distribution were encountered when different dehydrogenases in a tissue slice were allowed to generate substrate for the DPN diaphorase (3). Nachlas, Walker, and Seligman (2, 4) and Wattenberg (5) have also presented data of a similar nature.
Farber, Sternberg, and Dunlap (1) devised solutions for the "optimal demonstration of DPN and TPN diaphorases." These solutions, which are composites of substrates, rely on the generation of DPNH and TPNH by dehydrogenases in the cells of the tissue slices. Nachlas, Walker, and Seligman (2, 4) have been concerned with modifications of the TPN and DPN diaphorase procedures and in their most recent publication (2) have recommended that the solution of Farber et al. (1) for the study of TPN diaphorase be 310 COENZYME-DEPENDENT DEHYDROGENASES modified only with respect to the tetrazolium salt used, Nitro BT (nitro blue tetrazolium), instead of NT (neotetrazolium) or BT (blue tetrazolium). It is the purpose of the present study to analyze limitations and errors inherent in the use of procedures desigaed along these lines.
Such an analysis can best be made by considering first the theoretical aspects of the reactions that we are attempting to study. The accompanying schematic representatioD of the transfer of electrons to the tetrazolium salt shows the final step to be that of the flavoprotein oxidizing DPNH or TPNH (reduced forms of the coenzymes). In the tissue slice, the dehydrogenases serve primarily to generate the substrate (DPNH or TPNH) required for this reaction.
DPN
Reduced salt
The histological distribution of formazan in a tissue slice will be a reflection of the rate-limiting reaction in the series. The variables in this instance are the rate at which the coenzyme is reduced by the dehydrogenase, and the rate at which the reduced coenzyme is oxidized by flavoprotein to produce the formazan. In areas in which either of these two catalytic agevts is absent or low in activity, the deposition of formazan will be sparse or limited. Thus, from a theoretical point of view, the final reaction in the series is not necessarily the limiting factor, simply because it is the step which directly reduces the tetrazolium. The conclusions of Farber and coworkers (1) are at variance with the above in that they categorically state that, irrespective of the substrate, the last reaction in the series--the flavoprotein step--is rate-limiting. The above theoretical considerations are, however, supported by our own findings (3) and those of Nachlas, Walker, and Seligman (2, 4) and of Wattenberg (5).
FAD--flavine adenine dinucleotide, prosthetic group for flavoproteln oxidizing DPNH; FMN--flavin mononucleotide, prosthetic group of flavoprotein oxidizing TPNH.
Although the present report includes in part data similar to those in recent publications (2, 4, 5) , we feel that their presentation along with other experiments is essential for the clarification of the problems involved. Since the findings of the Farber group were based exclusively on the rat kidney, we felt it necessary to examine at least one other tissue. Sections of adrenal and kidney were, therefore, studied in the presence of a variety of substrates util~ed by DPN dependent dehydrogenases.
It would be advantageous also to use a tetrazolium salt that is reduced more rapidly than NT or BT, and reports indicate that INT (2-p-iodophenyl -3 -p -nitropheny1-5 -phenyl tetrazolium chloride) is one of the more rapidly reduced tetrazolium salts (6, 7) . A comparison was therefore made of NT (the salt originally used by Farber (1)) and INT. INT was found to be particularly useful for the study of the weak reactions initiated by fl-hydroxybutyrate and glutamate, substrates that were not capable of reducing NT or BT (1) . Quantitative studies were undertaken with homogenates to define more precisely the step in the electron chain responsible for the reduction of INT. The evidence clearly indicates that the technique of Farber et al. for the study of DPN and TPN diaphorases (1, 2) at best has only extremely limited application and that earlier studies based on the application of these procedures should be reevaluated. In order to demonstrate DPN or TPN diaphorase, the reaction should not depend on the generation of substrate by dehydrogenase present in the tissue slice.
We have retained the term "diaphorase" to facilitate comparison with other work in the literature. DPN diaphorase has been extracted from tissue and found to reduce tetrazolium salts in the presence of DPNH (8) . Although the diaphorases can use methylene blue as a hydrogen acceptor, they canpot reduce cytochrome c. In view of the fact that highly purified tissue extracts have now been prepared which are capable of reducing cytochrome c (9, 10), current opinion holds that diaphorases are not the same as naturally occurring flavoproteins. The reduction of tetrazolium ions by the tissue proper, in all probability, involves cytochrome c reduetase.
Method
Male rats CFW (Carworth Farms), 175 to 225 grams, were used for most of the experiments. The animals were sacrificed by a blow on the head, and the adrenal and kidney were rapidly transferred to iced saline. Sections of 40 micra thickness were prepared with the freezing microtome and transferred directly to the incubating medium. Although current work emphasizing cytochemical localizations finds it necessary to use sections 4 to 8 ~t thick (4), the 40 # sections used in the present study were found to be quite adequate for the type of regional distribution of formazan that was studied. Wherever possible, the incubating media (Table I ) were prepared by using isosmotic stock solutions. The final concentration of metabolite in the incubating medium was greater than that required for half-maximum reaction velocity (as calculated by the MichaelisMenten equation). The tetrazolium salts used were INT (2-p-iodophenyl-3-p-nitrophenyl-5-phenyl tetrazolium chloride) and NT (pp'diphenylene his 2-(3,5 diphenyl) tetrazolium chloride). 2 Incubations were conducted at 37°C. under a nitrogen atmosphere for 2 hours, except when stated otherwise. The reactions were terminated by immersing the slices in 10 per cent formaldehyde. The preparations were examined and photographed after mounting in glycerin. It should be emphasized that the present report is not concerned with working details of technique, such as the advantages of certain tetrazolium salts, tissue slice thickness, etc., but more with broad biochemical considerations of the tetrazolium reaction. the solution developed by these investigators "for optimal demonstration of DPN diaphorase" (solution 1) and separated the components into two groups (solutions 2 and 3). Solution 2 (alcohol, alcohol dehydrogenase, and DPN) depends on the generation of DPNH in the incubating medium for consumption by the flavoprotein in the slice. On the other hand, solution 3 (malate, glutamate, and DPN) depends on enzymes present in the tissue for manufacturing the substrate required by the flavoprotein.
In Figs. 1 and 2 a comparison is made of the histological appearance of kidney sections incubated in the separated components (solutions 2 and 3) of the original Farber solution. The distribution of formazan deposition is distinctly different in the two sections, as can be seen by comparing the inner cortex (distal portions of the proximal convoluted tubules) and the outer medulla (thick loops of Henle).
Sections of kidney were also incubated in solutions containing ~-hydroxybutyrate and DPN (solution 4), and glutamate and DPN (solution 5). Reduction of NT, though weak, definitely took place with/~-hydroxybutyrate, the formazan being deposited exclusively in the outer medulla. NT was not reduced in slices incubated in glutamate. A composite tabulation of the histological elements in kidney, which react with the two tetrazolium salts, strikingly illustrates the varying patterns of response in the presence of different substrates (Table II) . (Fig. 4) reveals that both the outer cortex and outer medulla are weak in activity. (This pattern is strikingly similar to that obtained with NT in Fig. 2 ). Sections incubated in /3-hydroxybutyrate and INT (Fig. 5) show an even greater intensity and distribution of formazan than was evident with NT, although the outer cortex remained essentially negative. Glutamate (Fig. 6 ) was the least effective substrate stimulating INT reduction, with the outer cortex and outer medulla completely devoid of formazan. Sections exposed to DPNH (Fig. 3 ) exhibited extensive deposits of formazan in regions which were either weak or completely devoid of activity for the other substrates. One might anticipate that the histological findings with exogenous DPNH (Fig. 3) would be the same as those in which DPNH is generated in the medium by alcohol-alcohol dehydrogenase (Fig. 1) . The distribution of formazan deposition in sections incubated in alcohol and alcohol dehydrogenase differs from that in the DPNH experiments. It is well established that alcohol dehydrogenase is present in the kidney (4) . In the present experiments, the amount of DPNH generated in the incubating medium by alcohol-alcohol dehydrogenase is so low that the cells which have alcohol dehydrogenase will show substantially greater activity. The pattern observed in Fig. 1 indicates that the cells of the outer medulla (thick loops of Henle) are richest in alcohol dehydrogenase.
In order to investigate the factor of species variability, a specimen of human kidney, obtained at operation, was used to prepare frozen sections for incubation with INT in various substrates. Illustrations are presented of sections incubated in DPNH (solution 6, Fig. 7 ),/3-hydroxybutyrate (solution 4, Fig. 8 ), and glutamate (solution 5, Fig. 9 ).
These comparative studies show that the distribution of dehydrogenase varies within a particular structure, the kidney, depending on the species. For example, photographs shown in Figs. 7 to 9 for sections of human kidney are significantly different from those previously shown for the rat. Activity in human kidney tissue incubated in/3-hydroxybutyrate was confined to the medullary rays (Fig. 8) . In contrast to the intense activity of the outer medulla of the rat (Fig. 5) , none of the medullary elements in the human reduced INT. Similarly, the pattern obtained for glutamate in the human differed significantly from that in the rat. Activity in the rat was confined to the inner cortex (Fig. 6) , while in the human material (Fig.  9 ) the medullary rays reacted faintly-and the proximal convoluted tubules and collecting ducts in the medulla were quite active.
C. Adrenal--Incubated in NT.--Adrenal tissue incubated in the same media as used in the kidney studies, showed different levels of enzymes. Reduction of NT occurred readily in adrenal sections with substrates which were not effective in kidney tissue. Figs. 12 and 13 show a definitive response to/3-hydroxybutyrate and to glutamate.
The distribution of formazan varied with the substrate (malate, 13-hydroxybutyrate, and glutamate) and was more restricted than with DPNHincubated (Fig. 10) slices. The response of the medulla also varied with different substrates, being strongest in the presence of malate (Fig.  11) . It is also clearly evident that for both kidney and adrenal different patterns of deposition were obtained in the presence of different substrates with one of the same salts (NT) used by Farber.
Studies were also attempted with INT. These proved unsatisfactory in the case of adrenal tissue, because of the bizarre and unpredictable patterns of crystalline deposits. In many cases, the formazan originally dissolved in the lipide droplets began to crystallize out in large masses completely obscuring the patterns of activity.
II. Quantitative:
A. Kinetics of Reduction of INT.--Previous reports with four tetrazolium salts, triphenyl tetrazolium chloride (TTC), blue tetrazolium (BT), and nitro blue tetrazolium (Nitro BT) indicate that the formazan is produced by a direct transfer of hydrogen from the flavoprotein. Since each of the tetrazolium salts has different properties and sensitivities in terms of ease of reduction, it was necessary to determine whether or not INT, one of the more rapidly reduced salts, was not reacting directly with other available reducing agents, such as DPNH.
Experiments were set up to measure the relative reduction of INT by DPNH, both in the presence and in the absence of a biological catalyst. LangLevy constriction pipettes (11) were used for delivering samples and reagents. To 200/~l. of solution 8 was added 66 Izl. of 5 mg./ml. DPNH along with 22.4, 43.4, or 56.3 /zl. of a 0.5 per cent rat kidney homogenate (prepared in 0.1 ~I phosphate buffer). The final volume was corrected to 323 M. Water blanks were substituted for DPNH to correct for any reduction of INT by other means (photochemical or by unknown materials present in the homogenate). Incubations were conducted at 37.5°C. for 10 minutes. The reactions were stopped by adding 50 ~1. of 20 per cent TCA (trichloracetic acid). The formazan was then extracted with 1 ml. of ethyl acetate and colorimetric readings made with the Beckman spectrophotometer at 490 mr*, using micro Lowry cuvettes (12) .
The results are shown in graph form (Text- fig.  1 ). Reduction of INT was respectively 41, 81, and 105 times more rapid in the presence of three different quantities of homogenate than occurred when no homogenate was present. Recommended quantities of tissue for manometric measurement of cytochrome c reductase (13) are 0.1 and 0.2 ml. of 5,0 per cent homogenate in a final volume of 3.0 ml. When the concentration of homogenate used in the present experiment was plotted against the optical density, a straight line relationship was obtained. Calculations indicate that concentrations comparable to those recommended for manometric studies would result in rates of reduction 199 times (0.1 ml.) and 398 times (0.2 ml.) greater than that which would result from direct reduction of INT by DPNI-I.
As has been demonstrated with other tetrazolium salts, frozen sections immersed in solutions containing DPNH and INT showed extensive deposits of formazan without any trace of reduced INT in the medium. This fact is further evidence against the direct reduction of INT by DPNH.
B. Evaluation of Solutions for "Optimal Demonstration Of DPN Diaphorase."--In a previous sec-
tion of this paper, the point was made that the solution developed (1) for demonstrating DPN diaphorase, has components which generate DPNFI in the incubating medium, and other elements which generate DPNH in the cells of tissue slices. These different routes of DPNH production, when tested separately, resulted in distinctly different patterns of formazan deposition (Figs. 1 and 2 ). It would be useful to know the extent to which these separate routes contribute to the quantity of formazan deposited.
For this purpose, small aliquots of homogenate were added to the solutions containing alcohol dehydrogenase (solution 9), and substrates only (solution 10). In these experiments, 264.6 ~1. aliquots of solutions 9 and 10 were added to 0, 10, 22.4, and 51.8 ~1. aliquots of 0.5 per cent rat kidney homogenate in 0.1 M phosphate buffer. The final volume was corrected to 317 ~1. Control or blank solutions contained H20 instead of alcohol, 314 COENZYME-DEPENTDENT DEHYDROGENASES In the absence of homogenate, no appreciable reduction occurs (curve A). When increasing amounts of homogenate were added, the rate of reduction increased correspondingly. The increased rate over and above the base line value for DPNH at 10 minutes is indicated in terms of multiples of A.
TExT -FIG. 2 . Rat kidney homogenate incubated in alcohol and alcohol dehydrogenase (©), and malate, glutamate and alcohol (e), using INT as the H-acceptor. Curve • represents medium in which DPNH is generated by dehydrogenases in the tissue, while curve © represents DPNH formed by the interaction of alcohol and exogenous alcohol dehydrogenase. In the case of the © curve, some component of the reaction is definitely rate limiting, whereas in • curve no rate-limiting factor can be discerned. alcohol dehydrogenase, malate, or glutamate. These solutions were then incubated at 37.5°C. for 15 minutes. A 50/~1. aliquot of 20 per cent TCA was added to each tube to stop the reaction. Reduced INT was extracted with 1.0 ml. of ethyl acetate and the optical density obtained at 490 mtz. in the Beckman spectrophotometer. The results are plotted in Text- fig. 2 .
In the lowest concentration range of the homogenate, the deposition of formazan was approximately the same in both solutions 9 and 10. As the amount of homogenate was increased, differences were obtained in the quantity of INT reduced. With solution 9, which generates DPNH in the incubating medium, larger amounts of homogenate became progressively less effective, and finally had no stimulating effect on the amount of INT reduced. In this instance, one of the factors in the medium was insufficient, so that generation of DPNH was the rate-limiting step despite the presence of adequate concentrations of flavoprotein. In solution 10, which depends on generation of DPNH in the tissue, larger amounts of homogenate resulted in proportional increases in INT reduction. This experiment indicates a potential source of error in the demonstration of DPN diaphorase distribution. For example, some cells (I) in a given tissue may contain dehydrogenases which can utilize the substrates added to the medium. Other cells (II) may not contain dehydrogenases which can utilize the added substrates even though they do have levels of flavoprotein comparable to their neighbors. In this situation, much greater deposits of formazan will be present in cell type I with the so called "optimal solution for DPN diaphorase" despite the fact that the levels of flavoprotein may be identical with cell type II.
DISCUSSION
There is now considerable evidence to indicate that the use of different substrates alone results in different patterns of distribution of formazan for many of the DPN-and TPN-dependent dehydrogenases, in contrast to the original assumption advanced by Farber, Sternberg, and Dunlap (1). Our own data with INT and those of others with BT, Nitro BT, and NT, show that each of these salts reacts directly with the same step in the electron chain. It is, therefore, highly unlikely that different enzyme patterns are brought out by particular tetrazolium salts because of their re-duction by different components of the electron chain.
In a reaction which occurs in several stages, the over-all rate is determined by the slowest step in the series. When substrate utilized by a DPNdependent dehydrogenase is introduced into the tetrazolium incubating medium, at least two variables are brought into play. Under one set of conditions, although the cells have comparatively high quantities of flavoprotein, a particular DPNdependent dehydrogenase may either be absent, or be present only in minimal amounts. In these cells, the production of DPNH becomes the limiting reaction so that the reduction of the tetrazolium salts is a reflection of quantities of dehydrogenase and not of flavoprotein.
In both kidney and adrenal tissue incubated in malate, fl-hydroxybutyrate, or glutamate, there are regions with negligible amounts of reduced tetrazolium, despite the fact that substantial formazan is deposited in these same regions when the slices are incubated in DPNH. Nachlas et al. (2, 4) and Wattenberg (5) have provided evidence of a similar nature. Nachlas, Walker, and Seligman (4) express the opinion that in their own experiments, these differences are brought to light because of the greater ease of reduction of the salt employed, Nitro BT. In the present experiments, it is clear that these differences are equally evident with NT, one of the salts used by Farber et al. in their original work.
The above considerations lay open to question the assumption made by Farber et al. (2) that reactions initiated by dehydrogenases by necessity reflect the distribution of flavoprotein. Actually, separation of the components of the Farber solution "for optimal demonstration of DPN diaphorase" into two basic solutions (one solution generates DPNH in the medium, the other in the slice), brings about two distinctly different patterns of deposition. Quantitative studies indicate that a substantial, or even the major portion of formazan deposited, may be due to the substrates formed by dehydrogenase in the tissues. This point is supported by our current experimental data. Examination of kidney tissue in Figs. 1 and 2 , each of which was incubated in one of the separate componentsof the "optimal medium for DPN diaphorase" (1) , reveals that the cells of the outer medulla in Fig. 1 were active while the cortex appeared uniformly weak, and that in Fig.   2 the inner cortex was most active while the remainder of the cortex and medulla was weak. Superimposing these two patterns still leaves the outer cortex deficient or weak in activity. Fig. 3 shows a uniform deposition of formazan throughout the three zones when DPNH is provided. Thus, the Farber medium might fail to reveal DPN diaphorase activity in the outer cortex despite the presence of adequate amounts of flavoprotein.
Another consideration stems from the well known fact that enzyme levels, including those of dehydrogenases, vary greatly in different tissues. Farber cites evidence based only on the generation of DPNH by dehydrogenase in the kidney. The present experiments, comparing ~-hydroxybutyrate and glutamate, show the importance of taking into account individual tissue differences. Both of these substrates produced significant reduction of NT in the adrenals, whereas negative findings were obtained with kidney tissue. Species differences also occur, as indicated by the distribution of these enzymes in the kidneys of the human and of the rat. The dehydrogenase patterns for malate, glutamate, or ~3-hydroxybutyrate reported by Nachlas et al. (4) in kidneys, are different from those discussed for rat kidney in the current presentation, but are similar to results (not included here) obtained by us for mouse.
The addition of several substrates, utilized by different dehydrogenases (solution for TPN diaphorase by Farber (1), Nachlas et al. (2) ), cannot per se resolve this problem. The thesis advanced by Nachlas el al. (2) is that combinations of substrates can be selected which produce complementary patterns of deposition and thereby measure the total TPN diaphorase. The use of a tissue dehydrogenase for studying tissue flavoproteiu adds a further variable. When several dehydrogenases are used at the same time for this purpose, the number of variables are only further increased. These variables can change independently with respect to tissue, to species, and to experimental situations. It is interesting to note that in the development of a procedure for isocitric dehydrogenase, Nachlas, Walker, and Seligman (2) indicated the difficulties inherent in allowing aconitase present in the cells of the tissue to form the substrate (isocitrate) for the subsequent dehydrogenase reaction. They then disregard the limitations of this factor in formulating a solution for TPN diaphorase activity.
The utilization of tetrazolium salts as a measure of flavoprotein activity will depend on the use of a system with only one variable. The simplest format would be to add sufficient DPNH to the incubating medium. This would eliminate the dependency of flavoprotein on substrate generated by other cellular constituents. Although Farber, Sternberg, and Dunlap (1) included DPNH in some of their studies, they did not recommend its use for demonstrating DPN diaphorase. The procedure recommended by Nachlas et al., using exogenous dehydrogenase in the incubating medium, should prove to be equally effective, provided that substrate and exogenous dehydrogenase concentrations are not limiting (4) .
The use of DPNH as substrate would make it possible to apply this procedure to study the distribution of particular dehydrogenases in areas shown to have flavoprotein activity. Alternate sections, incubated in DPNH and in a substrate of a DPN-dependent enzyme, would then provide information concerning the distribution of the dehydrogenase in these areas. Although current work (2, 4, 5) demonstrates the fact that the distribution of a particular dehydrogenase can be studied, not enough attention has been given to factors which may limit the biochemical implications of the data. The techniques now available for the measurement of DPN-and TPN-dependent dehydrogenases can be used only when both of the following factors are present: (1) where the dehydrogenase is topographically restricted to those cells which contain DPN or TPN diaphorase; and (2) where the level of dehydrogenase activity is either equal to or less than that of the diaphorase, so that the intensity of the deposition of formazan is not limited by the activity of the diaphorase.
CONCLUSIONS
A study was made of the tetrazolium technique for measuring DPN-dependent dehydrogenases. The reduction of tetrazolium salts, initiated by DPN-dependent dehydrogenase systems, is not restricted to a single pattern. Kidney and adrenal tissue show varying patterns of reduction when different substrates are used. Salts such as INT, which react more rapidly, bring out patterns of dehydrogenase activity not evident when NT is used. Adrenal and kidney tissue were found to have different amounts of particular dehydrogenases. The distribution of dehydrogenase is different in the kidneys of rat and man. Methods for studying "DPN diaphorase" should provide either DPNH as substrate or an exogenous dehydrogenase with its respective substrate. With the precautions indicated, the tetrazolium technique can be used to study the distribution of tissue dehydrogenase. 
